The small ubiquitin-related modifier (SUMO) modification plays an important role in the regulation of abscisic acid (ABA) signaling, but the function of the SUMO protease, in ABA signaling, remains largely unknown. Here, we show that the SUMO protease, ASP1 positively regulates ABA signaling. Mutations in ASP1 resulted in an ABA-insensitive phenotype, during early seedling development. Wild-type ASP1 successfully rescued, whereas an ASP1 mutant (C577S), defective in SUMO protease activity, failed to rescue, the ABA-insensitive phenotype of asp1-1. Expression of ABI5 and MYB30 target genes was attenuated in asp1-1 and our genetic analyses revealed that ASP1 may function upstream of ABI5 and MYB30.
INTRODUCTION
Appropriate timing of seed germination, and the precise response to environmental stress, during early seedling development are required for successful initiation of the plant life cycle. To adapt to unfavorable environmental conditions, the stress-induced phytohormone, abscisic acid (ABA), inhibits seed germination and early seedling development (Bewley 1997; Hauser et al. 2011) .
Abscisic acid perception by ABA receptors Pyrabactin resistance 1/Pyrabactin resistance1-like/Regulatory Component of ABA Receptor (PYR/PYL/RCAR) results in inactivation of phosphatases 2C (PP2Cs), such as ABA insensitive 1 (ABI1) and ABI2, which consequently causes de-repression of SNF1-related protein kinase 2 (SnRK2), such as SnRK2.2 and SnRK2.3. Activated SnRK2s phosphorylate down-stream target proteins, including the basic leucine zipper (bZIP) transcription factor, ABI5 (Kobayashi et al. 2005; Umezawa et al. 2009; Cutler et al. 2010) . ABI5 acts as a positive regulator in ABA signaling, regulating both seed germination and post-germinative seedling development (Finkelstein and Lynch 2000) . ABA not only activates ABI5 transcription, but also promotes ABI5 accumulation (Finkelstein and Lynch 2000; Lopez-Molina et al. 2001) . Transcription of ABI5 is regulated by various transcription factors, including ABI3, ABI4, ABI5, RELATED TO ABI3/VP1 1 (RAV1), PHYTOCHROME INTERACTING FACTOR 3-LIKE5 (PIL5), ELONGATED HYPOCOTYL 5 (HY5), B-box 21 (BBX21), FAR-RED ELONGATED HYPOCOTYL3 (FHY3) and FAR-RED IMPAIRED RESPONSE1 (FAR1) (Lopez-Molina et al. 2002; Chen et al. 2008; Bossi et al. 2009; Oh et al. 2009; Tang et al. 2013; Feng et al. 2014; Xu et al. 2014) .
ABI5 protein stability is regulated by various posttranslational modifications (Yu et al. 2015) . SnRK2s and the Brassinosteroid repressor GSK3-like kinase BRASSINOSTEROID INSENSITIVE2 (BIN2) phosphorylate and stabilize ABI5, in the presence of ABA (Nakashima et al. 2009; Hu and Yu 2014) . On the other hand, the phosphatase, PROTEIN PHOSPHATASE6 (PP6), dephosphorylates and destabilizes ABI5 (Dai et al. 2013 ). Furthermore, ABI5-interacting protein (AFP), KEEP ON GOING (KEG), DWD HYPERSENSITIVE TO ABA1 (DWA1), DWA2 and ABA-hypersensitive DCAF1 (ABD1), facilitate ubiquitination and degradation of ABI5 (Lopez-Molina et al. 2003; Lee et al. 2010; Liu and Stone 2010; Seo et al. 2014) . In addition to phosphorylation and ubiquitination, SUMO modification (also refers to SUMOylation) also regulates ABI5 stability (Miura et al. 2009 ).
SUMOylation is facilitated by a series of biochemical steps, involving SUMO activating enzymes (E1), SUMO conjugating enzyme (E2) and SUMO E3 ligases (Park et al. 2011; Tomanov et al. 2013) . SUMO modification of a substrate affects protein stability, by repressing or enhancing ubiquitination-mediated protein degradation, and also regulates protein-protein interactions, enzymatic activity, and subcellular localization (Wilkinson and Henley 2010; Yates et al. 2016) .
SUMOylation is implicated in the regulation of abiotic/biotic stress and hormone responses, various developmental processes, metabolism, chromatin remodeling, and transcriptional gene silencing in plants (Park et al. 2011; Park and Yun 2013; Han et al. 2016; Liu et al. 2017b; Zhang et al. 2017) . Various components of the SUMO system have been shown to regulate ABA signaling, indicating the importance of SUMOylation in the regulation of ABA signaling. Increased SUMO1/2 conjugation, by overexpression of SUMO1/2, causes attenuation of ABA signaling, whereas decreased SUMO1/2 conjugation, by reduced expression of SUMO conjugating enzyme 1a (SCE1a, E2), or mutations in SAP and Miz1 (SIZ1, SUMO E3 ligase), causes enhanced ABA sensitivity (Lois et al. 2003; Miura et al. 2009 ). In addition, mutation in another SUMO E3 ligase, HIGH PLOIDY 2/Methyl Methanesulfonate-sensitivity protein 21/(HPY2/MMS21) also causes increased ABA sensitivity (Zhang et al. 2013 ).
To date, only a few SUMO substrates that are involved in ABA signaling have been identified. SIZ1 mediates SUMOylation of ABI5, at K391, and K391R substitution blocks its SUMOylation. The siz1-2, a loss-of-function mutant, accumulates lower levels of ABI5, but the ABI5(K391R) exhibits higher activity, compared to that of ABI5. Thus, SIZ1-mediated SUMOylation of ABI5 negatively regulates ABA signaling, by reducing its activity (Miura et al. 2009 ). SIZ1 also mediates SUMOylation of MYB30, a negative regulator of ABA signaling, and this not only stabilizes MYB30, but may also positively regulates its activity. Therefore, SIZ1-mediated SUMOylation of MYB30 negatively regulates ABA signaling by enhancing its protein stability and activity (Zheng et al. 2012) .
Recently, it has been shown that ABA induces SUMOylation of Receptor for Activated C Kinase 1 B (RACK1B), a negative regulator of ABA signaling. SUMOylation of RACK1B increases the protein stability by competing ubiquitination-mediated degradation (Guo and Sun 2017) . Taken together, SUMOylation regulates ABA signaling by repressing positive regulators of ABA signaling, such as ABI5, and promoting negative regulators of ABA signaling, such as MYB30 and RACK1B. However, how SUMOylation regulates the balance between these positive and negative ABA regulators remains unknown.
SUMOylation is a reversible process, which is mediated by SUMO proteases, through its isopeptidase activity (Hickey et al. 2012; Yates et al. 2016) . In contrast to the limited number of SUMO E3 ligases, Arabidopsis contains at least eight SUMO proteases (Conti et al. 2008) . Thus, it has been suggested that the dynamic regulation of SUMO conjugation/deconjugation is mainly regulated by SUMO proteases (Yates et al. 2016) . Recent research in rice suggests that a SUMO protease, Oryza sativa OVERLY TOLERANT TO SALT1 (OsOTS1), negatively regulates ABA signaling (Srivastava et al. 2017) . However, simultaneous mutations in both OTS1 and OTS2 do not alter ABA sensitivity in Arabidopsis (Castro et al. 2016) . In Arabidopsis, SUMO protease(s) that regulates ABA signaling may exist, but has not been identified.
In this study, we establish that ABA induces protein accumulation of the Arabidopsis SUMO protease1 (ASP1), which positively regulates ABA signaling during early seedling development, through its SUMO protease activity. Molecular and genetic evidence suggest that ASP1 regulates ABA signaling by adjustments in protein abundance of ABI5 and MYB30. This regulatory mechanism is important for the precise balance between positive and negative regulators of ABA signaling, during early seedling development.
RESULTS
ASP1 positively regulates ABA signaling during early seedling development It has been shown that SIZ1-mediated SUMO modification negatively regulates ABA signaling, but SUMO protease (s) that positively regulates ABA signaling remains elusive (Miura et al. 2009; Zheng et al. 2012) . Previously, we showed that Arabidopsis SUMO protease 1 (ASP1), a bona fide SUMO protease, facilitates deconjugation of SUMO from its substrates ). Therefore, we tested whether ASP1 is involved in the regulation of ABA signaling. First, we analyzed ABA sensitivity of two T-DNA insertion mutants, asp1-1 and asp1-2 , during seed germination. Interestingly, cotyledon greening, but not radicle emergence, of both asp1-1 and asp1-2 mutants was significantly less sensitive to ABA treatment than wild-type (Figures 1, S1A ). In addition, primary root growth of asp1-1 also showed an ABA-insensitive phenotype ( Figure S1B, C) .
To confirm that the ABA insensitive phenotype of asp1 was caused by the mutation in ASP1, the ABA-induced inhibition of the cotyledon greening phenotype of pASP1-gASP1 asp1-1 (complementation lines of asp1-1 with ASP1 genomic DNA driven by its own promoter) were determined. Expression of ASP1 completely rescued the ABA-insensitive phenotype of asp1-1 in cotyledon greening (Figure 2A ). These results indicated that ASP1 positively regulates ABA signaling, during early seedling development.
The core regulators of ABA signaling include protein phosphatases (PP2Cs) and protein kinases (SnRK2s). SnRK2s are key positive regulators, whereas PP2Cs are key negative regulators in ABA signaling Fujii et al. 2011; Nakashima and Yamaguchi-Shinozaki 2013) . Genetic interaction between ASP1 with SnRK2s and PP2Cs were performed. The snrk2.2 snrk2.3 asp1-1 triple mutant displayed an ABA-insensitive phenotype, similar to that of snrk2.2 snrk2.3, with a slight additive effect in cotyledon greening ( Figure S2 ). Moreover, the abi1-2 abi2-2 hab1-1 asp1-1 quadruple mutant displayed an ABAhypersensitive phenotype, similar to that of abi1-2 abi2-2 hab1-1 in cotyledon greening ( Figure S2 ). These results revealed that ASP1 regulates ABA signaling dependent on these core regulators in ABA signaling.
ASP1 positively regulates ABA signaling through its SUMO protease activity
Previously, we showed that substitution of the conserved Cys residue (Cys 577) to Ser blocks SUMO protease activity of ASP1 . To determine whether ASP1 regulates ABA signaling, through its SUMO protease activity, we analyzed the ABA-induced inhibition of the cotyledon greening phenotype of pASP1-gASP1(C577S) asp1-1 (complementation lines of asp1-1 with the ASP1[C577S] mutant driven by its own promoter) . Expression of ASP1(C577S) failed to rescue the ABA-insensitive phenotype of asp1-1 in cotyledon greening, indicating that ASP1 regulates ABA signaling dependent upon its SUMO protease activity ( Figure 2B ).
SIZ1 is epistatic to ASP1 in ABA signaling Next, we investigated the genetic interaction between ASP1 and SIZ1, by comparing ABA responsiveness of the siz1 asp1-1 double mutant and its parental lines. Here, asp1-1 siz1 displayed an ABA-hypersensitive phenotype, similar to that of siz1-2 ( Figure S3 ), indicating that SIZ1 is genetically epistatic to ASP1, and further inferring that SIZ1 and ASP1 may functions in the same ABA signaling pathway.
ASP1 regulates expression of ABI5 and MYB30 target genes
Previous studies have shown that SIZ1-mediated SUMOylation of MYB30 and ABI5 coordinately regulate ABA signaling, during early seedling development (Miura et al. 2009; Zheng et al. 2012) . Therefore, the expression of ABI5, MYB30 and their target genes were evaluated in asp1 and wild-type seedlings. Expression of ABI5 and ABI5-target genes, RD29A, RD29B, RAB18, Em6, and ADH1, were induced by exogenous ABA treatment, but the induction was less abundant in asp1 than in wildtype seedlings ( Figure 3A ). The expression of MYB30 was reduced in response to ABA treatment in wild-type seedlings, but was not significantly affected in asp1-1 seedlings. Moreover, in the asp1-1 mutant, ABA induction of MYB30 downregulated genes, LOX3, TAT3, bHLH and BGL2, were substantially lower, but ABA induction of the MYB30 upregulated gene, COR413, was significantly higher than that of wild-type ( Figure 3B ). These results suggested that ASP1 positively regulates ABA signaling, possibly through ABI5 and MYB30.
ASP1 regulates ABA signaling through both ABI5-and MYB30-dependent pathways
To confirm whether ASP1 regulates ABA signaling through ABI5 and MYB30, genetic interactions between ASP1 with ABI5 and MYB30 were assessed. The abi5 asp1-1 Figure 3 . Expression of ABA-responsive genes in wild-type and asp1-1 plants Expression level of ABI5 and its target genes (A) and MYB30 and its target genes (B) determined in wild-type and asp1-1 seedlings, in the presence of ABA, by qRT-PCR analysis. Seven-d-old wild-type and asp1-1 seedlings were treated with or without ABA (100 mM) for 3 h. Control indicates without ABA treatment. UBC was used as internal control. Error bars represent AE SE, n ¼ 3.
double mutant displayed an ABA-insensitive phenotype, similar to that of abi5, with a slight additive effect in cotyledon greening ( Figure 4A, B) . Furthermore, the myb30 asp1-1 double mutant displayed an ABA-hypersensitive phenotype, similar to that of myb30, in cotyledon greening ( Figure 4C, D) . These results further support the notion that ASP1 regulates ABA signaling, through both ABI5-and MYB30-dependent pathways.
ASP1 regulates protein abundance of ABI5 and MYB30
Next, we determined whether ASP1 regulates the transcription levels of ABI5 and MYB30 during seed germination. Similar to the seedling stage, expression of ABI5 was induced by exogenous ABA treatment, in wildtype and asp1-1, but the induction was less pronounced in asp1-1 during seed germination ( Figure 5A ). On the other hand, exogenous ABA treatment induced expression of MYB30 in both wild-type and asp1-1 with similar levels during seed germination ( Figure 5A ). SIZ1 positively regulates protein abundance of ABI5 and MYB30 in seedlings (Miura et al. 2009; Zheng et al. 2012) . Similarly, exogenous ABA treatment induced protein accumulation of ABI5 and MYB30 in wild-type, but the induction was less pronounced in siz1-2, during seed germination ( Figure S4 ). This prompted us to determine the protein abundance of ABI5 and MYB30 in wild-type and asp1-1, during seed germination. Consistent with a previous report, ABI5 protein was hardly detectable in the absence of ABA, but was strongly induced by ABA in wild-type seeds (Guan et al. 2014) . By contrast, ABI5 was less abundant in asp1-1 than in the wild-type, in the presence of ABA ( Figure 5B ). This result is consistent with the ABA-insensitive phenotype of asp1-1 (Figure 1) , since a mutation in ABI5 caused reduced ABA sensitivity (Finkelstein and Lynch 2000) .
Treatment of MG132, a 26S proteasome inhibitor, promoted ABI5 accumulation in wild-type, and recovered downregulated ABI5 accumulation in asp1-1 ( Figure  5C ). These results suggest that ASP1 positively regulates ABA-induced expression of ABI5, and represses 26S proteasome-mediated protein degradation of ABI5 in the presence of ABA. Similar to previous report (Lee and Seo 2016) , ABA promoted accumulation of MYB30 in wild-type seeds ( Figure 5D ). Interestingly, ABA-induced accumulation of MYB30 was more pronounced in the asp1-1 seedlings than in wild-type seedlings ( Figure 5D ). This result is consistent with the ABA-insensitive phenotype of asp1-1 (Figure 1) , because MYB30 is a negative regulator of ABA signaling (Zheng et al. 2012 ).
These results revealed that ASP1 positively regulates ABA signaling by adjustment in protein abundance of ABI5 and MYB30.
ABA promotes accumulation of ASP1 protein
It has been shown that salt stress and salicylic acid promote degradation of the SUMO protease OTS1 (Conti et al. 2008; Bailey et al. 2016) . These findings prompted us to determine whether the gene expression and/or protein level of ASP1 is regulated by ABA. Exogenous ABA treatment did not alter the level of ASP1 transcription in wild-type seedlings, but did induce expression of ASP1 in wild-type seeds ( Figure 6A, B) . To determine endogenous ASP1 protein abundance, we generated anti-ASP1 polyclonal antibodies, which could detect a single band in wild-type, but not in asp1-1, indicating this anti-ASP1 antibody specifically detects endogenous ASP1 ( Figure 6C ).
ASP1 protein abundance was significantly increased in response to exogenous ABA treatment, indicating that ABA promotes ASP1 accumulation ( Figure 6C ). MG132 treatment promoted ASP1 accumulation in the absence of ABA treatment, suggesting that ASP1 is degraded by 26S proteasome ( Figure 6D ). To test whether ABA inhibits 26S proteasome-mediated degradation of ASP1, ASP1 protein level was compared, in the presence or absence of exogenous ABA, upon MG132 treatment. Higher level of ASP1 was accumulated in the presence of ABA compared to that of absence of ABA, upon MG132 treatment, suggesting that ABA has little effect (if any) on 26S proteasome-mediated degradation of ASP1.
DISCUSSION
It has been shown that a SUMO protease, ASP1/SUMO PROTEASE RELATED TO FERTILITY (SPF1), regulates flowering time and fertility Liu et al. 2017a) . In this study, we establish that ASP1 positively regulates ABA signaling, during early seedling development, through its SUMO protease activity (Figures 1, 2) . It has been suggested that SUMO proteases are responsible for the substrate specificity (Yates et al. 2016) . However, compared to pleiotropic roles of SUMO modification, Arabidopsis contains only a small number of SUMO proteases (Conti et al. 2008; Yates et al. 2016) . Therefore, each SUMO protease should likely be involved in various biological processes. In this study, we establish that ABA promotes accumulation of ASP1 in wild-type, and in asp1-1, less ABI5 but more MYB30 accumulated in the presence of ABA ( Figures 5, 6) ; this suggests that ABA-induced accumulation of ASP1 positively and negatively regulates ABI5 and MYB30 accumulation, respectively, upon ABA treatment. Consistent with these results, ABA induction of ABI5 target genes was downregulated in asp1-1, but ABA responsiveness of MYB30-regulated genes was much stronger in asp1-1 compared to that in wild-type (Figure 3 ). This result was further confirmed by genetic analysis between ASP1 with ABI5 and MYB30 (Figure 4) . Taken together, our findings indicate that ASP1 positively regulates ABA signaling by adjustment in ABI5 and MYB30 abundance.
It was earlier demonstrated that SIZ1-mediated SUMOylation of ABI5 inactivates its transcriptional activity, but positively regulates its protein stability (Miura et al. 2009) . Surprisingly, we determined that ABI5 accumulation was less in asp1-1 than that in wildtype, upon ABA treatment ( Figure 5B ). This contradiction was also observed in the regulation of salicylic acid (SA) accumulation by SUMO conjugation and deconjugation. Mutations in SUMO E3 ligase, SIZ1, or SUMO proteases, EARLY IN SHORT DAYS 4 (ESD4) and OTS1/2, cause elevated accumulation of SA through an unknown mechanism (Lee et al. 2007; Villajuana-Bonequi et al. 2014; Bailey et al. 2016) .
Currently, we do not know how ASP1 inhibits degradation of ABI5. If ASP1 mediates deSUMOylation of ABI5, SUMOylation levels of ABI5 should be increased in asp1-1, and consequently, ABI5 would then be more accumulated in asp1-1. Thus, ASP1 may not mediate deSUMOylation of ABI5. It has been shown that the ubiquitin E3 ligase, KEG, 26S proteasome subunit RPN10, DWA1/2 and ABD1, facilitate ubiquitination and degradation of ABI5 (Smalle et al. 2003; Lee et al. 2010; Liu and Stone 2010; Seo et al. 2014 ). It will be of interest to establish whether ASP1 represses ABI5 degradation, by regulating these proteins, in the future studies.
In addition to lower accumulation of ABI5, in asp1-1, we also observed a downregulation of ABI5 transcription in asp1-1 (Figure 5A, B) . The downregulated accumulation of ABI5, in asp1-1, is mainly due to enhanced ABI5 degradation, as similar levels of ABI5 were accumulated in wild-type and asp1-1, upon MG132 and ABA treatment ( Figure 5C ). ABI5 binds directly to its own promoter and subsequently activates its transcription (Xu et al. 2014) . Thus, the lower transcription level of ABI5, in asp1-1, may be due to attenuation of an ABI5 feed-forward amplification loop.
Consistent with a previous report (Zheng et al. 2012) , ABA treatment repressed the transcriptional level of MYB30 in wild-type seedlings ( Figure 3B) . Surprisingly, ABA treatment induced the transcriptional level of MYB30 in wild-type seeds, suggesting that MYB30 expression is differentially regulated by ABA, during various developmental stages. Although the ABAinduced MYB30 expression level was not affected by the ASP1 mutation, ABA-induced MYB30 protein accumulation was enhanced in asp1-1 seeds ( Figure 5A, D) .
Currently, we do not know the mechanism by which ASP1 represses ABA-induced accumulation of MYB30, but it is likely through post-transcriptional regulation. SUMOylation of MYB30 promotes its protein stability, in the presence of ABA, but ABA treatment does not affect the SUMOylation level of MYB30 in protoplasts (Zheng et al. 2012 ). However, we could not exclude the possibility that ASP1 represses MYB30 accumulation, upon ABA treatment, by mediating deSUMOylation of MYB30 during seed germination. Future studies are needed to establish the mechanism by which ASP1 represses ABA-induced MYB30 accumulation.
SIZ1-mediated SUMOylation represses ABA signaling, by inhibiting ABI5 activity, and enhancing MYB30 protein stability and activity (Miura et al. 2009; Zheng et al. 2012) . Environmental stress induces ABA biosynthesis, which simultaneously promotes protein accumulation of ABI5 and MYB30 (Figure 5B, D; Liu and Stone 2010; Lee and Seo 2016) . Therefore, it is necessary to manipulate a balance between these positive and negative ABA regulators, to ensure proper ABA signal transduction under environmental stress conditions. Here, we show that ABA induces ASP1 accumulation, which then represses ABA-induced MYB30 accumulation and facilitates ABA-induced ABI5 accumulation. These findings reveal a fine-tuning mechanism by which ASP1 controls the balance between ABI5 and MYB30, to cope with the changing environmental stress conditions. As such, our study provides new insight into how a SUMO protease can fine-tune ABA signaling, during early seedling development ( Figure 6E ).
MATERIALS AND METHODS

Plant materials
T-DNA insertion lines of asp1-1 (Salk_049255), asp1-2 (Salk_022079) were previously described . The abi5-8 and myb30-2 mutants were kindly provided by Dr. Yan Guo (Zheng et al. 2012) . The abi1-2 abi2-2 hab1-1 and snrk2.2 snrk2.3 mutant materials were kindly provided by Dr. Zhizhong Gong, and abi5-8 asp1-1, myb30-2 asp1-1, snrk2.2 snrk2.3 asp1-1, abi1-2 abi2-2 hab1-1 asp1-1 homozygous mutants were obtained by genetic crosses. Transgenic plants of pASP1-gASP1 asp1-1 and pASP1-gASP1 (C577S) asp1-1 were previously described . Primers used for genotyping are listed in Table S1 .
Plant growth conditions and ABA treatment
Each group of Arabidopsis seeds with different genotypes was harvested on the same day. These seeds were surface-sterilized and then stratified at 4°C for 3 d to break dormancy, and then sown onto 1/2 Murashige and Skoog (MS) medium plates containing 0.8% agar. To monitor ABA responsiveness of cotyledon greening, seeds were planted on ABA containing MS medium plates (Sigma, A1049), and green cotyledon rates were evaluated, based on the appearance of green cotyledons. Approximate cotyledon greening of 180 seeds (60 seeds per independent experiment) were scored for 10 d, for each biological replicate, with at least three biological replicates. To analyze the inhibition of root growth by ABA, 5-d-old seedlings, grown on 1.5% MS agar plates, were transferred to ABA containing 1.5% MS agar plates, and then grown for an additional 7 d before measurement. Root length was measured using Image J.
Quantitative RT-PCR analysis
Total RNA was extracted from 7-d-old seedlings and 2-d-old seeds, and qRT-PCR performed, as previously described . At least three biological replicates were performed, and one representative result is shown. Primers used for qRT-PCR are listed in Table S1 .
Protein extraction and immunoblot analysis
Proteins were isolated into protein extraction buffer (150 mmol/L Tris-HCl, pH 7.5, 5% SDS, 6 mmol/L EDTA, 30% glycerol) and Western blot analysis performed, as previously described (Lin et al. 2016) . Anti-ASP1 (1:5,000), anti-MYB30 (1:1,000) and anti-ABI5 (1:2,000) (Guan et al. 2014) antibodies were used to detect ASP1, MYB30 and ABI5, respectively.
Generation of ASP1 antibody
A purified fragment of ASP1 (672-931 aa) was used as antigen to generates anti-ASP1 rabbit polyclonal antibodies, as previously described (Cai et al. 2017 ).
Statistical analysis
Statistical analysis was performed using SPSS statistical software. Data were analyzed by variance (ANOVA) and the least significant difference (LSD) post hoc test was used for significance test (P < 0.05). Green cotyledon rates were scored at the indicated times for 10 consecutive days. Error bars represent AE SE, n ¼ 3. Figure S3 . Genetic interaction between ASP1 and SIZ1 (A) ABA sensitivity of wild-type, asp1-1, siz1-2, and asp1-1 siz1-2 seedlings. Photographs of seven-d-old seedlings grown on 1/2 MS medium containing 0, 1 or 1.5 mM ABA.
(B) Green cotyledon rates of wild-type, asp1-1, siz1-2 and asp1-1 siz1-2 seedlings. Seeds were sown on ABA containing 1/2 MS medium and green cotyledons scored at the indicated times for 10 consecutive days. Error bars represent AE SE, n ¼ 3. Figure S4 . ABI5 and MYB30 protein abundance in the siz1 mutant upon ABA treatment (A) ABA-induced ABI5 protein accumulation in wildtype and siz1-2 seedlings. Seeds were germinated on 1/ 2 MS plates containing the indicated ABA concentration for 2 d. Total protein was extracted from the treated seeds, and immunoblot assays performed with anti-ABI5 antibodies. The abi5-8 mutant was used as a negative control. (B) ABA-induced MYB30 protein accumulation in wild-type and siz1-2 seedlings. Immunoblot assays performed with anti-MYB30 antibodies, as described in (A). The myb30-2 was used as a negative control and anti-H3 antibody was used as a loading control. Table S1 . Primer sequences used in this study Scan using WeChat with your smartphone to view JIPB online Scan with iPhone or iPad to view JIPB online
